Since its emergence in 2001, an aphid-transmitted virus disease complex has caused substantial economic losses to snap bean (Phaseolus vulgaris L.) production and processing in the Great Lakes Region of the United States. The general ineffectiveness of chemical control measures for nonpersistently transmitted viruses established an urgent need for the development and deployment of cultivars with resistance to the component viruses. Our objectives were to further characterize the inheritance of resistance to Bean yellow mosaic virus (BYMV), which is conditioned by the By-2 allele, to adapt genotyping-by-sequencing (GBS) to common bean to discover and genotype genome-wide single nucleotide polymorphisms (SNPs) in a set of recombinant inbred lines (RILs) derived from an introgression program, and to enable and validate marker-assisted selection for By-2. We optimized ApeKI for GBS in common bean and retained 7530 high-quality SNPs that segregated in our introgression RILs. A case-control genomewide association study (GWAS) was used to discover 44 GBS SNPs that were strongly associated with the resistance phenotype and which delimited a 974 kb physical interval on the distal portion of chromosome 2. Seven of these SNPs were converted to single-marker Kompetitive Allele-Specific Polymerase chain reaction (KASP) assays and were demonstrated to be tightly linked to BYMV resistance in an F 2 population of 185 individuals. This research enables marker-assisted selection of By-2, provides enhanced resolution for fine mapping, and demonstrates the potential of GBS as a highly efficient, high-throughput genotyping platform for common bean breeding and genetics.
Since its emergence in 2001, an aphid-transmitted virus disease complex has caused substantial economic losses to snap bean (Phaseolus vulgaris L.) production and processing in the Great Lakes Region of the United States. The general ineffectiveness of chemical control measures for nonpersistently transmitted viruses established an urgent need for the development and deployment of cultivars with resistance to the component viruses. Our objectives were to further characterize the inheritance of resistance to Bean yellow mosaic virus (BYMV), which is conditioned by the By-2 allele, to adapt genotyping-by-sequencing (GBS) to common bean to discover and genotype genome-wide single nucleotide polymorphisms (SNPs) in a set of recombinant inbred lines (RILs) derived from an introgression program, and to enable and validate marker-assisted selection for By-2. We optimized ApeKI for GBS in common bean and retained 7530 high-quality SNPs that segregated in our introgression RILs. A case-control genomewide association study (GWAS) was used to discover 44 GBS SNPs that were strongly associated with the resistance phenotype and which delimited a 974 kb physical interval on the distal portion of chromosome 2. Seven of these SNPs were converted to single-marker Kompetitive Allele-Specific Polymerase chain reaction (KASP) assays and were demonstrated to be tightly linked to BYMV resistance in an F 2 population of 185 individuals. This research enables marker-assisted selection of By-2, provides enhanced resolution for fine mapping, and demonstrates the potential of GBS as a highly efficient, high-throughput genotyping platform for common bean breeding and genetics.
A n aphid-transmitted virus disease complex has emerged as a major cause of crop damage and economic loss to snap bean production in the Great Lakes Region of the United States (Larsen et al., 2008 (Larsen et al., , 2002 Nault et al., 2004; Shah et al., 2006) . This disease complex is particularly threatening because snap beans can generate in excess of US $185 million per year in farmgate value for the eight states that comprise this region (USDA-National Agricultural Statistics Service, 2013). The increased frequency of epidemics coincided with the accidental introduction of the soybean aphid (Aphis glycines Matsumura) to the United States in 2000 (Hill et al., 2001; Ragsdale et al., 2004) , although soybean aphids were not the dominant aphid species detected in snap bean fields sampled during virus disease epidemics in New York State in 2002 and 2003 (Shah et al., 2006) . Attempts to control aphid vectors as a means to reduce the nonpersistent transmission and spread of the prevalent viruses is generally considered ineffective (Nault et al., 2004; Perring et al., 1999; Raccah, 1986) . In this situation, control measures should be preventative, if possible, and the most compatible and effective strategy is to plant cultivars that possess resistance to the prevalent viruses of the disease complex. The current absence of commercially acceptable cultivars with resistance to the prevalent viruses leaves the snap bean crop and the associated processing industry vulnerable to continued periodic yield losses.
Bean yellow mosaic virus (BYMV) (genus Potyvirus, family Potyviridae) is a monopartite, positive-sense RNA virus that is one of the prevalent viruses of the disease complex (Shah et al., 2006) . BYMV is distributed throughout the world, has a broad host range, and is capable of causing economic losses in a range of monocotyledonous and dicotyledonous plant families (Wylie et al., 2008) . In the United States, BYMV has been observed in common bean fields across the country (Tolin and Langham, 2010) and was sampled with high frequency in snap bean fields in New York State, where within-field incidence reached as high as 43% of the plants sampled (Shah et al., 2006) . Though the symptoms of BYMV infection in snap bean depend on the cultivar, virus strain, environmental conditions, and the plant's developmental stage at infection, early infection generally leads to severe symptoms, and plants may display prominent mosaic and distortion of leaves, a severe reduction in plant vigor leading to stunted growth, delayed flowering and maturity, and pods that are slightly malformed and have a mottled appearance (Provvidenti and Morales, 2005) (Fig. 1) . Although formal estimates of the impact of BYMV infection on the yield and quality of snap beans are currently unavailable, preliminary data from replicated field experiments with 18 commercial cultivars suggests that BYMV may reduce overall pod number by an average of 30%, pod size by an average of 20%, and total fresh market pod weight by an overall average of 43% (unpublished data, 2014) (Fig. 1D) .
Several sources of resistance to BYMV have been identified in previous research but biological differences in the various strains used and subsequent taxonomical revision of some of those strains could lead to confusion. At least three distinct strains of BYMV were previously used to study the inheritance of resistance in common beans. The BYMV isolates that were referred to as the "pod-distorting" strain (Grogan and Walker, 1948) , the "severe" strain (Provvidenti and Schroeder, 1973) , and the "necrotic" strain (Tu, 1983) where resistance was conditioned by a single recessive allele first designated by-3 from GN 1140 (Provvidenti and Schroeder, 1973) were later revised to be isolates of Clover yellow vein virus (ClYVV), a phenotypically similar but molecularly distinct species from BYMV (Tracy et al., 1992) . The by-3 gene symbol was revised to cyv to reflect this change, although this allele has been examined in detail more recently and the symbol has subsequently been revised to bc-3 2 to reflect its status as an allele at the Bc-3 virus resistance locus (Hart and Griffiths, 2013) .
The second distinct strain of BYMV was referred to as "common pea mosaic virus 2" or "PV2," (Schroeder and Provvidenti, 1966) and, more recently, as the "pea strain" of BYMV (BYMV-P) (Provvidenti and Morales, 2005) . The BYMV pea strain was considered distinct because it was unable to infect any common bean genotypes that were susceptible to other known strains of BYMV. This strain was eventually discovered to infect the cultivar Scotia and a single dominant allele designated By donated by the cultivar Red Kidney was demonstrated to condition resistance (Schroeder and Provvidenti, 1968 ). It appears that the vast majority of common bean genotypes possess resistance to this strain (Provvidenti and Morales, 2005) .
The third distinct strain of BYMV investigated as a viral pathogen of common bean is considered the type strain of the virus, although it encompasses extensive genetic diversity worldwide (Wylie et al., 2008) . In common bean, isolates of the type strain of BYMV are capable of infecting the widest range of host genotypes, including those that possess resistance to ClYVV (Baggett et al., 1966; Lisa et al., 1994) . Resistance to the type strain of BYMV was first identified in the Great Northern bean cultivar GN 31 (Thomas and Zaumeyer, 1953) and was determined to be conditioned by three complementary recessive alleles with modifiers (Baggett and Frazier, 1957; Tatchell et al., 1985) . Perhaps due to its complexity, this source of resistance was not further characterized nor deployed. An additional, broaderspectrum source of resistance to BYMV was discovered in genotypes of the scarlet runner bean (P coccineus L.) and was reported to be conditioned by either two to three complementary recessive alleles (Baggett, 1956) or a single dominant allele (Dickson and Natti, 1968) , depending on the donor genotype. Both the large population size that is needed to recover a suitable number of resistant individuals when resistance is conditioned by three recessive alleles, and the apparently broad spectrum nature of the resistance presumably explain why the single dominant By-2 allele was the only resistance allele that was introgressed from P. coccineus into common bean market classes (Dickson and Natti, 1968) . The By-2 allele was donated by an undocumented accession of P. coccineus, which was crossed to the climbing snap bean cultivar Blue Lake to develop the breeding line BL-6 (Dickson and Natti, 1968) . Breeding line BL-6 was subsequently used as the donor of the By-2 allele in six backcrosses to the cultivar Black Turtle-1 to develop the BYMV-resistant dry black bean breeding line B-21 (Provvidenti et al., 1989) . The By-2 allele was subsequently introgressed into breeding lines of other dry bean market classes (Scully et al., 1990a (Scully et al., , 1990b (Scully et al., , 1995 , but was never introgressed into the snap bean market class beyond the development of BL-6. It appears that it has never been deployed, regardless of market class. Interestingly, recent research has demonstrated that the spectrum of resistance conditioned by By-2 also includes the "New York" strain of ClYVV (ClYVV-NY) (Hart and Griffiths, 2014; Supplemental Table S1 ).
Recent occurrences of BYMV and ClYVV epidemics as part of an aphid-transmitted virus disease complex of snap bean in the United States have renewed our interest in the characterization, evaluation, and potential deployment of the resistance conditioned by the By-2 allele. To introgress and pyramid this allele with other virus resistance alleles into elite backgrounds in an efficient manner, the map location and linkage relationships with other economically important alleles need to be established and codominant molecular marker-assisted selection of the By-2 allele needs to be enabled. Common bean however, has arguably lacked a highly efficient, highthroughput and cost-effective genotyping platform for routine use in genomics-assisted crop improvement.
This important constraint has largely been lifted due to the recent release of the first chromosome scale assembly of a high quality reference genome for common bean (Phaseolus vulgaris version 1.0) (DOE-Joint Genome Institute, 2013; Schmutz et al., 2014) and, arguably, by the development of GBS (Elshire et al., 2011) . Genotyping-by-sequencing is a robust platform capable of simultaneous discovery and genotyping of high numbers of SNPs in multiplexed barcoded sequencing libraries in nonmodel species with or without a reference genome (Elshire et al., 2011) . The technique is based on the reduction of genome complexity through restriction enzyme digestion and an efficient, user-friendly multiplexed library construction, and it has been demonstrated successfully for a wide range of population genetic investigations in a rapidly growing number of crop plants [e.g., Vitis spp. (Barba et al., 2013) , Pinus contorta Douglas ex Loudon and Picea glauca (Moench) Voss , Zea mays L. (Elshire et al., 2011) , Panicum virgatum L. (Lu et al., 2013) , Manihot esculenta Crantz. (Ly et al., 2013) , Sorghum bicolor (L.) Moench (Morris et al., 2013) , Triticum aestivum L. and Horedum vulgare L. (Poland et al., 2012) , Oryza sativa (Spindel et al., 2013) , Rubus idaeus L. (Ward et al., 2013) ]. To the best of our knowledge, GBS has not yet been explored as a potential genotyping platform for common bean genetics and improvement. The only immediate need for adapting GBS to common bean or any new species is to select an appropriate restriction enzyme for complexity reduction and to empirically determine the appropriate barcode adapter concentration for ligation to the fragments produced by the restriction digestion.
The objectives of this research were to locate the physical region containing the By-2 locus in the common bean genome and to develop and validate allele-specific molecular markers for marker-assisted selection of By-2-conditioned potyvirus resistance. To accomplish this objective, we sought an improved understanding of the inheritance of the resistance conditioned by By-2 and simultaneously developed a collection of germplasm with utility for mapping and breeding. To survey the molecular genetic variation that segregated in our germplasm and to establish genotype-phenotype relationships, we sought to empirically adapt GBS to discover and genotype genome-wide SNPs. Here, we describe our effort to utilize GBS coupled with the common bean genome and a GWAS approach to identify highly significant SNPs, convert them into allele-specific molecular markers, and to validate and enable rapid and cost-effective genomicsassisted breeding for By-2 in common bean.
MATERIALS AND METHODS

Germplasm, Populations, and DNA Isolation
A series of RILs were generated as a result of two cycles of line development to introgress the By-2 allele from the black bean donor line B-21 (Provvidenti et al., 1989) into the processing snap bean background of the cultivar Hystyle. An F 6 :F 8 experimental line designated B28S2C was the result of pedigree and progeny selection for the absence of lethal alleles (Hannah et al., 2007) , resistance to BYMV, snap bean pod and seed traits, and plant architecture throughout six inbreeding generations following a three-way cross between B-21 and Hystyle, and the flat-podded snap bean cultivar Tapia. B28S2C was then backcrossed to Hystyle to recover additional recurrent parent genome and to develop BC 1 F 1 , and BC 1 F 2 populations. Single plants from the BC 1 F 2 and subsequent BC 1 F 2:3 families were selected for snap bean pod and seed traits and plant architecture. Selected individuals were evaluated for resistance to BYMV as BC 1 F 3:4 lines. Single plants from resistant, susceptible, and segregating BC 1 F 3:4 lines were selected and selfed and a subset of six BC 1 F 4:5 BYMV-resistant lines and six BC 1 F 4:5 BYMV-susceptible lines were selected for progeny testing. The 12 BC 1 F 4:5 differential lines were evaluated for BYMV resistance again, and seven plants from each of five homozygous resistant lines, one heterozygous line, and six homozygous susceptible lines were selected, sampled for DNA extraction, and allowed to self-pollinate. The total 84 BC 1 F 5:6 RILs were progeny tested with BYMV to confirm their phenotypes and genotypes. These 84 lines were also progeny tested with ClYVV to further confirm that By-2 also conditioned resistance to this virus.
In addition to the 84 BC 1 F 5:6 differential RILs, the four parental genotypes (Hystyle, B-21, Tapia, and Black Turtle-1) were included as controls in both the phenotyping and genotyping experiments. Black Turtle-1 was included because it was the susceptible recurrent parent in six backcrosses to introgress By-2 into the black bean market class that resulted in the development of B-21 (Provvidenti et al., 1989) . Black Turtle-1 and B-21 were thus considered to be near-isogenic lines (NILs) and they were expected to segregate only for alleles in the immediate region of the By-2 locus.
Several F 2 populations were developed to study the inheritance of resistance conditioned by By-2 and for marker cosegregation analysis. B28S2C was crossed to Hystyle to develop two separate F 1 and F 2 populations of 20 and approximately 200 individuals, respectively. The first F 2 population of 200 individuals was used to study the inheritance of By-2. The second population of 20-F 1 and 185-F 2 individuals was used for both inheritance and single-marker cosegregation analysis. The F 1 plants developed for these two populations were confirmed to be heterozygous based on plant architecture and pod traits. We also crossed B-21 to Black Turtle-1 to generate 10 F 1 and 167 F 2 (BC 7 F 2 ) individuals for inheritance analysis. The F 1 plants of this population were not confirmed to be heterozygous until they were evaluated for resistance to BYMV in the F 2 generation.
Genomic DNA for restriction enzyme evaluation, adapter titration experiments, and GBS library construction was obtained by harvesting ~1cm 2 (~50 mg) of the tip of a young expanding trifoliate leaf (V1), grinding it to a fine powder under liquid N, and then using the Qiagen Plant DNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. The total final elution volume was 40 L. The DNA was confirmed to be of high molecular weight and of high purity and quantity by 1.5% agarose gel electrophoresis with a 2.5-kb Molecular Ruler (Bio-Rad Laboratories) and restriction digestion at 37°C for 1 h with HindIII (New England Biolabs). The DNA was checked for purity on a NanoDrop ND1000 spectrophotometer (Thermo Fisher Scientific) and double-stranded DNA was quantified with the Quant-iT PicoGreen double-stranded DNA quantification kit (Life Technologies) and a Synergy 2 multimode microplate reader (Biotek Instruments). The DNA was diluted to 10 ng L -1 and arrayed on a plate in preparation for library construction. Genomic DNA from the parents, F 1 , and F 2 plants of the Hystyle × B28S2C population used for cosegregation analysis was obtained by a 96-well plate adaptation of a standard DNA extraction protocol for common bean (Afanador et al., 1993) .
Virus Isolates and Interaction Phenotypes
The "New York" isolate of BYMV was recovered from a symptomatic plant in a snap bean production field in Avon, NY, in August 2007. This isolate was confirmed to be a pure isolate of BYMV by host range, symptomatology, serology, and reverse transcription polymerase chain reaction (PCR). The "New York" strain of ClYVV (ClYVV-NY) was acquired from the Rosario Provvidenti collection at the New York State Agricultural Experiment Station (Provvidenti and Schroeder, 1973) and its interaction with common bean germplasm has been characterized in detail by recent research (Larsen et al., 2008; Griffiths, 2013, 2014) . A series of Bean common mosaic virus (BCMV), Bean common mosaic necrosis virus (BCMNV), BYMV, and ClYVV host differential genotypes possessing various dominant and recessive potyvirus resistance alleles were infected and their interactions with BYMV and ClYVV-NY were evaluated to further characterize the isolates used here (Supplemental Table S1 ). The virus isolates were maintained in frozen (80°C) and desiccated leaf tissue of Hystyle and were multiplied in vivo by periodical mechanical transfer to newly expanded primary leaves (VC) of Hystyle.
All plants were grown under research greenhouse conditions at 24°C daytime and 21°C nighttime temperatures with a 14-h photoperiod at the New York State Agricultural Experiment Station, where routine irrigation, fertilization, supplemental lighting, and integrated pest management regimes were followed. The seeds were planted in Cornell mix (Boodley and Sheldrake, 1972) , in 10 by 10-cm square cells of 18-cell flats (Speedling Inc.) Inoculum was prepared fresh by grinding partially expanded (~50%), symptomatic initial trifoliate (V1) leaves (1:10 w/v) in 0.01 M phosphate buffer (pH 7.0). All experimental material was dusted with 23 m of silicon carbide powder (Electron Microscopy Sciences) and inoculum was applied by gently rubbing the primary leaves (VC) with a triturate-soaked pestle. Plants were rinsed with deionized water following inoculation. All appropriate experimental material was inoculated again 10 d after the first inoculation to eliminate escapes from infection.
The interaction phenotypes of BYMV and ClYVV-NY with the host differential genotypes, the 84 BC 1 F 5:6 differential RILs, the four parental genotypes and all of the material used in the cosegregation analysis were defined by visual categorization of symptom expression. Symptom expression was categorized as resistant, susceptible, and in some cases, as initially resistant, followed by delayed systemic necrosis and plant death. Visual resistance phenotypes for the 84 BC 1 F 5:6 differential RILs were confirmed by progeny testing nine plants each with BYMV and ClYVV-NY. The visual resistance phenotypes for the parental, F 1 , and F 2 populations of the BYMV cosegregation analysis were confirmed by enzyme-linked immunosorbent assay (ELISA) of tissue samples from vegetative trifoliate (V2) leaves 15 d after first inoculation with the potyvirus group monoclonal antibody according to the manufacturer's instructions (Agdia). Virus detection by reverse transcription PCR (Hart and Griffiths, 2010) was also performed on the parents. The resistant phenotype was defined by the complete absence of visual symptoms and negative ELISA results, where absorbance values for optical density at 405 nm were less than two times that of the negative controls. Visual categorization of symptom expression was recorded initially at 10 d after first inoculation, plants were then potted up into 16.5 by 16.5-cm square pots, and then evaluated again at 22, 30, 45, 60, and 90 d after first inoculation. Visual phenotypes were acquired with reference to positive and negative controls in all cases where homozygous genotypes were available. Examples of BYMV interaction phenotypes are illustrated in Fig. 1 .
Genotyping-by-Sequencing
The suitability of ApeKI and PstI, two commonly used restriction enzymes for complexity reduction for GBS were evaluated for use with P. vulgaris using previously published protocols, barcode adapters, and PCR primers (Elshire et al., 2011; Supplemental Table S2 ). A series of eight test libraries for each enzyme was constructed in parallel by restriction digestion of 200 ng of Hystyle DNA with ApeKI (75°C for 2 h) and 500 ng of Hystyle DNA with PstI (37°C for 2 h) in 20-L volumes containing 2 L of 10× buffer and a 10-fold excess of restriction enzyme (New England Biolabs). Enzyme-specific barcode adapters were added to each of the eight test libraries of restriction fragments in eight different quantities (1.8, 2.4, 3.6, 4.2, 4.8, 5.4, 6.0, and 7.2 ng) to construct an adapter titration. The barcode adapter titration allowed for the empirical determination of the correct ratio of barcode adapter to restriction fragment sticky ends for the enzyme and the P. vulgaris genome (Elshire et al., 2011) . The adapters were ligated to the restriction fragments in 50-L volumes containing 20 L of digested genomic DNA from the previous step, 5 L of 10× ligase buffer, and 1 L of T4 ligase (400 Cohesive End Ligation Unit L -1 ) (New England Biolabs) for 60 min at 22°C and then for 30 min at 65°C for ligase denaturation. These adapter-ligated fragments were then purified with a QIAquick PCR cleanup kit according to the manufacturer's instructions (Qiagen).
The test libraries of adapter-ligated fragments were amplified by PCR to complete the library construction. Polymerase chain reaction was performed in a 50-L volume that consisted of 10 L of purified adapter-ligated fragments, 25 L of Taq 2× Mastermix (New England Biolabs), and 12.5 pmol of each PCR primer (Supplemental Table S2 ). The PCR protocol consisted of one 5-min cycle at 72°C, followed by one cycle at 98°C for 30 s, followed by 18 cycles of 98°C for 10 s, 65°C for 30 s, 72°C for 30 s, and one final 5-min cycle at 72°C, performed on a Gradient Master Cycler PCR System (Eppendorf). The PCRamplified test libraries were then purified with a QIAquick PCR cleanup kit (Qiagen) and then evaluated with an Agilent 2100 Bioanalyzer (Agilent Technologies). The resultant electropherograms were examined for the presence, concentration, and fragment sizes of the sequencing library; the presence of library peaks (i.e., repetitive DNA sequences); and for the occurrence of adapter dimers in each of the eight libraries of the adapter titration.
The results of the test libraries and adapter titrations were considered in the broader context of the additional variables and goals of the project; this informed our choice of enzyme as ApeKI and an optimal barcode adapter concentration of 1.5 ng of adapter to 50 ng of P. vulgaris DNA. We constructed a 96-plex ApeKI GBS library composed of the 84 differential RILs and three replicate samples from each of the four parental genotypes. Genomic DNA from each of the 96 individuals was diluted to 10 ng L -1 and arrayed on a plate according to a key file that was created to define the position and barcode sequences for each individual sample in the library (Supplemental Table S3 ). The GBS library construction protocol for the germplasm was identical, except that 5 L (50 ng) of genomic DNA from each individual was digested with ApeKI and 1.5ng of ApeKI barcoded adapters were ligated to the subsequent restriction fragments as previously described, and the reactions were performed in a 96-well plate. The adapter-ligated fragments from each well (2 L each) were then pooled together into a 1.5-mL tube containing 1000 L of QIAquick PCR cleanup kit binding buffer (Qiagen). The pooled fragments were purified with the QIAquick PCR cleanup kit and eluted into a final volume of 50 L. The multiplexed library was then amplified by PCR as previously described, except that 8 L of the library was used as the template in the reaction. After final purification of the PCR product, the GBS library was eluted into a final volume of 30 L and analyzed by the Agilent 2100 Bioanalyzer (Agilent Technologies), quantified, and diluted to 3.6 pM for sequencing according to the GBS protocol (Elshire et al., 2011 ). Sequence Alignment, SNP Calling, and SNP Imputation
The sequencing reads were processed with the GBS Discovery Pipeline for species with a reference genome implemented in TASSEL version 3.0 (Bradbury et al., 2007) and following the pipeline documentation (Glaubitz et al., 2014) . In conjunction with the barcode adapter key file, the pipeline identified high-quality unique sequence reads (termed tags), which contained a barcode, a cut site, and an inserted genomic sequence. The pipeline then merged these tags, indexed them, and aligned them to the reference genome. The sequence tags for our GBS library were aligned to the version 1.0 release of the Phaseolus vulgaris genome (DOE-Joint Genome Institute, 2013; Schmutz et al., 2014) by implementing the Burrows-Wheeler alignment (Li and Durbin, 2009) command of the pipeline. The TASSEL 3.0 Discovery SNP Caller (Glaubitz et al., 2014) was implemented to align the multiple sequence tags from the same physical locations across the genome, to call SNPs at these locations across the individual samples, and to output this data into one HapMap format file (.hmp.txt) per chromosome for downstream analysis. The exact commands and arguments used with the pipeline to process the dataset described here are outlined in Supplemental Table S4 . Missing SNP data were imputed with the FILLIN algorithm (Swarts et al., 2014) implemented in TASSEL version 5.0 (Bradbury et al., 2007) . The final ApeKI GBS SNPs were plotted against their respective physical positions on each chromosome to examine their density and distribution with ggplot2 (Wickham, 2009 ).
Genome-wide Association Study
To discover associations between the genome-wide GBS SNPs and the virus interaction phenotypes in our germplasm, we conducted a case-control GWAS using the compressed mixed linear model (Zhang et al., 2010) implemented in the Genome Association and Prediction Integrated Tool (GAPIT) R package (Lipka et al., 2012) in R version 3.0.2 (R Core Team, 2013) . Because of the significant population structure that exists in P. vulgaris (Mamidi et al., 2011) , we chose to omit the black bean NILs from our snap bean-centered study in our initial conservative analysis of the data. The analysis used the SNP dataset from the 84 differential RILs and the snap bean parents Hystyle and Tapia and was composed of 7530 SNPs, each with minor allele frequency (MAF) greater than or equal to 0.05. With this snap bean only dataset, we implemented GAPIT to calculate the kinship matrix automatically (Van Raden, 2008) and to perform forward model selection to determine that zero was the optimal number of principal components to control for population structure. The GWAS was performed with the default clustering algorithm (average) and group kinship type (mean) of GAPIT. A SNP was considered to be significantly associated with the By-2 resistance phenotype if the P-value was less than the Bonferroniadjusted  of 0.01 or P < 1.3 × 10 6 .
Cosegregation Analysis
We identified and selected a subset of GBS SNPs that were contained within the physical interval delimited by the GWAS results. Seven SNPs within the interval were selected as candidates for conversion to Kompetitive Allele Specific PCR (KASP) assays (LGC Genomics) and for subsequent use in inheritance and cosegregation analyses. The physical positions of the SNPs were located on the reference genome, and at least 50 bp of genome sequence flanking each side of each SNP was submitted to the "KASP by Design" service (LGC Genomics) for KASP assay primer synthesis. The primer sequences are listed in Supplemental  Table S5 . DNA was isolated from the cosegregation population and parents, and KASP assays were performed in 8-L reaction volumes containing 20 ng of template DNA, 4 L of 2× KASP Reaction Mix, and 0.11 L of the primer assay mix. Polymerase chain reaction amplification was completed with one 15-min cycle at 94°C, followed by 15 cycles of 94°C for 20 s, 65 to 57°C for 60 s (dropping by 0.8°C per cycle), and 57°C for 60 s using the Gradient Master Cycler PCR instrument (Eppendorf). Kompetitive allele-specific PCR genotype calls were obtained with the ViiA7 Real-Time PCR System (Life Technologies) by implementing the "genotyping experiment" module of the instrument's software. To acquire the most complete SNP cosegregation dataset, allele calls were checked manually and some were rescored from "unassigned" to an allele call based on the interpretation of their fluorescence data and the clustering with other control and automatically called SNPs (see Semagn et al., 2014) .
RESULTS
By-2 Conditioned Resistance to BYMV and ClYVV-NY
Throughout the course of the By-2 introgression into snap bean and the development of the RIL populations, we observed a third interaction phenotype where resistant individuals (Fig. 1A) developed a localized necrosis in the secondary veins of trifoliate leaves (Fig. 1C) and subsequently succumbed to systemic necrosis. This delayed systemic necrosis response occurred in every phenotyping experiment but was more frequent under lower natural light and lower temperature conditions in the greenhouse in winter. The delayed systemic necrosis also occurred in the progeny of resistant plants selected in previous generations and there was no apparent or consistent segregation ratio for the number of plants with delayed systemic necrosis in the progeny of the resistant RILs (Table 1) . Necrotic and non-necrotic tissue on necrotic plants remained ELISA negative (data not shown). This led us to hypothesize that the delayed systemic necrosis response exhibits incomplete penetrance in the presence of By-2 and that it may be influenced by epistatic interactions, allele dosage, genetic background, and/or low-temperature sensitivity. The inheritance of resistance and the frequency of delayed systemic necrosis in two additional F 2 populations, Hystyle × B28S2C, and Black Turtle-1 × B-21, consisting of 200 and 167 F 2 individuals, respectively, were evaluated under lower temperature conditions. This revealed additional evidence for the potential low-temperature sensitivity of resistance and the increased penetrance of the delayed systemic necrosis response under these conditions (Supplemental Table S6 ). In both F 2 populations, the segregation ratio of resistant to susceptible plants conformed to a Mendelian segregation ratio (3:1) for a major dominant allele, but 88 out of 159 resistant plants in the Hystyle × B28S2C population and 99 out of 121 resistant plants in the Black Turtle-1 × B-21 population exhibited delayed systemic necrosis. The frequency of delayed systemic necrosis in these F 1 and F 2 populations suggested that the response may only occur in genotypes that are heterozygous for By-2 but the ratios of necrotic plants do not precisely conform to this model (Supplemental Table  S6 ). The ratios of interaction phenotypes were acquired in a third F 2 population, the Hystyle × B28S2C F 2 population, which was used for the SNP cosegregation analysis that was phenotyped in the greenhouse in summer. The phenotypic ratios from that population are presented in the cosegregation analysis section below.
Genotyping-by-Sequencing in Common Bean
The enzyme evaluation electropherograms provided insight into the size and nature of the adapter-ligated restriction fragments produced by the digestion of the P. vulgaris genome with either ApeKI or PstI. Example electropherograms are provided for each enzyme in Supplemental Fig. S1 . There were numerous irregular peaks in the ApeKI library, suggesting that ApeKI cut sites occurred frequently in repetitive regions of the P. vulgaris genome. We examined this possibility by adding one barcoded P. vulgaris sample to an ApeKI GBS library for an unrelated project as a test run. The sequences associated with this sample contained approximately 15% over-represented sequence with high similarity to the P. vulgaris chloroplast genome (data not shown), and this was considered as one possible explanation for the irregular peaks in the library. In contrast, PstI produced a library of adapter-ligated fragments with a smooth curve and without irregular peaks and also tended to produce less concentrated libraries with smaller fragments (Supplemental Fig. S1 ). Despite the more regular appearance Supplemental Table S3 ), and genotyped with genotypingby-sequencing. ¶ The number of BC 1 F 5:6 plants that exhibited dSN out of the total number of plants tested. Approximately nine plants of each of the seven lines selected for genotyping-by-sequencing were progeny tested.
of the PstI library, we chose to use ApeKI to construct the GBS library for this research because it is partially methylation sensitive and is thus more likely to result in restriction fragments and SNPs from genic regions of the chromosomes and because its 5-bp recognition sequence (GCWGC) was presumed to occur at a higher frequency than that of the 6-bp recognition sequence of PstI (CTG-CAG) and we wanted to maximize the number of SNPs detected in our highly related germplasm.
The barcode adapter titration experiments provided clear results in that throughout the range of the eight adapter concentrations, adapter dimer was not appreciable for either enzyme. Therefore we chose an ApeKI barcode adapter quantity (1.5 ng adapter to 50 ng genomic DNA) that routinely produced high-quality libraries. One lane of sequencing resulted in 164,308,166 100-bp reads, approximately 16.4 Gb of sequence data. The mean phred score was 34.23 across all bases, and 0% of the reads contained uncalled bases (Ns), demonstrating the high quality of the data. The GBS discovery pipeline was implemented to filter the raw sequencing reads and accept only those reads that were of good quality (no adapter dimer, no N's in the first 72 bp) and that contained identity with one of the barcodes in the key file and the ApeKI cut site. This resulted in a total of 131,349,075 quality reads for our library, with a mean number of reads per individual of 1,368,219, a standard deviation (SD) of 739,179, and a coefficient of variation (CV) for read number across all samples of 54%. Three plants of each of the four parental genotypes were sampled and sequenced as technical replicates and to achieve deeper coverage of parental haplotypes. The read numbers for B-21, Black Turtle-1, Hystyle, and Tapia were 2,676,921 (mean = 892,307; SD = 202,766; CV = 22%), 3,529,040 (mean = 1,176,346; SD = 386,776; CV = 32%), 776,398 (mean = 258,799; SD = 160,705; CV = 62%), and 3,344,042 (mean = 1,114,680; SD = 96,754; CV = 9%), respectively. The number of reads per sample across all of the samples is displayed in Supplemental Fig. S2 . Three samples, F5-12-7, F5-27-6 , and F5-39-3 had very low read numbers and this was probably a result of reduced quality DNA or pipetting error.
Of the total 131,349,075 quality sequencing reads, 122,695,153 or 93.4% were aligned to physical positions by Burrows-Wheeler alignment on the P. vulgaris version 1.0 reference genome. The GBS Discovery SNP Caller (Glaubitz et al., 2014) was then implemented to call SNPs and to filter the results. In total, 374,603 unique sequence tags resulted in the identification of 19,575 SNPs across the 11 assembled pseudomolecules and 69 SNPs from 39 unmapped scaffolds. We filtered and retained SNPs with a minimum inbreeding coefficient of 0.9 and SNP call rates of at least 10% across all samples. With these filtering parameters we obtained a total of 18,307 SNPs, with a range of 17 to 40% missing data per chromosome and an overall mean of 29% missing data across the assembled genome.
The number of SNPs discovered per chromosome was moderately correlated with the length of the respective pseudomolecule (correlation coefficient = 0.45) (Supplemental Fig. S3 ). This suggested that the SNPs discovered were somewhat well distributed throughout the genome but also that restriction digestion with ApeKI may have resulted in preferential restriction fragments and preferential SNP discovery in specific regions of the genome over others. We explored this possibility further by plotting the number of SNPs discovered for each chromosome by their physical distance along each chromosome (Fig. 2, Supplemental Fig. S4 ) and by examining the number of SNPs that were discovered in peritelomeric regions versus pericentromeric regions ( Table  2 ). The discovered SNPs were well distributed throughout the genome, as there were, on average, 13.64 SNPs per cM in peritelomeric regions (220 kb cM , Schmutz et al., 2014) . There were also small regions of certain chromosomes where no SNPs were called [Fig. 2, e.g., 32 .0-34.7 Mb on P. vulgaris chromosome 2 (Pv02)]. Indeed, complexity reduction with methylation-sensitive ApeKI lead to a nonuniform distribution of the density of SNPs discovered along the physical length of each chromosome, as 73% of the SNPs that were discovered were in peritelomeric regions, whereas 27% were in pericentromeric regions (Table 2) . Interestingly, this uneven density of SNP discovery mirrors the uneven distribution of genes throughout the common bean genome closely, where the peritelomeric regions contain 73.5% of the genes and the pericentromeric regions, despite occupying ~54% of the genome, contain only 26.5% of the genes (Schmutz et al., 2014) .
Genome-wide Association Study for
By-2 Virus Resistance
Given that the RILs were selected from the context of the By-2 introgression program, and were not the products of a single seed descent linkage mapping population, we conducted a case-control GWAS approach to identify SNPs associated with resistance to BYMV and ClYVV-NY by considering the 42 susceptible RILs, Hystyle, and Tapia as the cases, the 42 resistant RILs as the controls (Table 1) , and by surveying the genetic variation across these lines with 7530 SNPs (MAF  0.05) that segregated within this germplasm. A compressed mixed linear model was implemented to control for familial relatedness (Supplemental Fig. S5 ) and a conservative Bonferroni-adjusted  of 0.01 (P  1.3 × 10
6
) was set as the threshold for a significant association. This analysis resulted in the identification of 44 SNPs strongly associated with By-2 potyvirus resistance and delimited a 974-kb physical region (Pv02: 47991715-48965798) on the distal portion of chromosome 2 ( Fig. 3; Supplemental Fig.  S6 ). We conducted a similar GWAS with 15,744 SNPs (MAF  0.05) that included the black bean NILs, (Black Turtle-1 and B-21) and an additional 8214 SNPs that were private to these lines to attempt to uncover SNPs in closer proximity to or in stronger association with By-2. A Bonferroni-adjusted  of 0.01 imposed a P-value of 6.4 × 10 7 as the threshold for significance for this analysis. The results were similar to the snap bean only dataset except that a total of 130 SNPs were identified within a 66.7-kb larger interval in the same physical location (Pv02: 47989185-49030001). Because the results did not differ significantly outside of additional SNP discovery in the black bean NILs, these results are not presented.
We also attempted to explore if there was a genetic basis for the delayed systemic necrosis response in initially symptomless individuals by conducting GWAS on this trait in the snap bean only dataset based on the phenotypes from the progeny testing (Table 1) . Cases were considered on a line basis, where if any of the BC 1 F 5:6 individuals out of the approximately nine plants tested exhibited delayed systemic necrosis, the BC 1 F 5 individual that was genotyped was considered as a case (i.e., susceptible to delayed systemic necrosis). No significant associations were detected with any of the SNPs, even when we imposed a less conservative threshold of a genome-wide false discovery rate of 10% (Benjamini and Hochberg, 1995) . The results of this analysis are presented in Supplemental Fig. S8 , although this analysis may have been underpowered to detect smaller effect alleles that may be involved in conditioning the delayed systemic necrosis response due to the small sample size. Additional research is needed to definitively confirm or rule out the role of genotype, genotype × genotype, or genotype × environment interaction as the basis for the delayed systemic necrosis response.
Cosegregation Analysis
A series of single-marker KASP assays were developed to confirm and validate the cosegregation of SNPs located on the distal portion of chromosome 2 that were presumed to be in linkage disequilibrium with potyvirus resistance conditioned by By-2. We chose seven candidate SNPs to convert to single-marker assays (Table 3;  Supplemental Table S5, Schmutz et al. (2014) . ‡ Telomeric regions contain 73.5% of the genes; centromeric regions contain 26.5% of the genes (Schmutz et al., 2014) and 185 of their F 2 progeny were phenotyped for resistance to BYMV by multiple inoculations, visual assessment, and ELISA. We progeny tested nine plants from each of five F 2 individuals that were phenotyped as susceptible but which did not achieve positive ELISA values and confirmed their susceptibility to BYMV. DNA was isolated from the individual plants of the parents and pooled together by parent and from all F 1 and F 2 individuals to be used as templates for the KASP assays.
The results presented in Table 3 (and Supplemental  Table S6 ) provided strong evidence that By-2 is a single dominant allele that conditions resistance to BYMV. The genotypic segregation ratios for all of the KASP assays fit the expected Mendelian ratio for single codominant markers and indicated that the F 2 population was not exhibiting segregation distortion in the chromosomal region presumed to harbor By-2 (P = 0.84) ( Table 3) . If the phenotype is considered as two distinct classes (i.e., individuals that exhibited the pronounced stunting and ). The GWAS identified 44 SNPs associated with By-2 virus resistance that delimited a 974-kb region on the distal portion of chromosome 2.
mosaic symptoms of susceptibility and those that did not and were considered resistant), the ratio of 141 resistant individuals to 44 susceptible conforms to the Mendelian ratio expected for a single dominant gene (P = 0.70) ( Table  3) . In all seven of the KASP assays tested, the 45 F 2 individuals that were typed as homozygous for the dominant B28S2C resistance allele remained symptomless throughout the course of the entire experiment, as verified by ELISA, and did not exhibit the delayed systemic necrosis response. Seventy-eight additional F 2 individuals that were typed as heterozygous for all seven KASP assays were also verified visually and by ELISA as resistant throughout the course of the experiment. One F 1 and 18 F 2 individuals genotyped as heterozygous for all of the KASP assays were initially categorized as resistant, which was verified by ELISA, and then subsequently exhibited delayed systemic necrosis at varying developmental stages over the course of the phenotyping experiment. These individuals provided additional evidence for the incomplete penetrance of delayed systemic necrosis, particularly in individuals that are heterozygous for By-2. The 44 F 2 individuals that exhibited the pronounced stunting and mosaic symptoms of susceptibility were genotyped as homozygous for the Hystyle susceptibility allele, by-2, for all seven of the KASP assays except for one F 2 individual that was genotyped as susceptible for assays Pv02_48722161 to Pv02_48843877 and genotyped as heterozygous for assays Pv02_48849943 to Pv02_49012008 (see bolded regions of Table 3 ). This individual possessed the result of a recombination event between Pv02:48843877 and Pv02:48849943, suggesting that the physical position of the By-2 locus may be upstream of Pv02:48849943. This remains a tentative conclusion because it is based on one individual in a modestly sized mapping population. The results of our cosegregation analysis provide strong evidence that the SNPs that were discovered and genotyped within the 974-kb physical interval are in significant linkage disequilibrium with By-2 virus resistance on the distal portion of chromosome 2.
DISCUSSION
We adapted and applied GBS to common bean in concert with the recently released reference genome (DOE-Joint Genome Institute, 2013 , Schmutz et al., 2014 to simultaneously discover and genotype a total of 18,307 SNPs in our germplasm. Single nucleotide polymorphisms were discovered throughout each of the 11 chromosomes, and although they were relatively well distributed, they were not uniformly distributed, as 73% of the SNPs were discovered in the gene-rich peritelomeric regions and 27% in the pericentromeric regions (Table 2 , Fig. 2,  Supplemental Fig. S4 ). This result mirrors the predicted gene content of the reference genome pseudomolecules closely and demonstrated that genomic complexity reduction with ApeKI resulted in a well-distributed and proportionately gene-targeted set of restriction fragments and SNPs for the purposes of this research. Continued research with this ApeKI-based GBS protocol that includes a broader sample of common bean genetic diversity is needed to confirm these results and further ascertain the utility of ApeKI GBS in common bean. This research is now underway and it is expected that lower coverage sequencing of more diverse populations and diversity panels, combined with imputation and enhanced bioinformatics, will result in the discovery of many tens of thousands of additional SNPs.
Indeed, the common bean genome seems particularly well suited to reduced representation sequencing because of its relatively small size (587 Mb [Schmutz et al., 2014] ) and the relatively low levels of duplication and repetitive sequences in the recombinationally active (euchromatic) fraction of the genome (Schmutz et al., 2014) . We have provided evidence that ApeKI may be particularly suitable for GBS in common bean, given the resulting distribution and density of SNPs that were discovered here. The investigation of additional restriction enzymes, alternate library construction techniques (Poland et al., 2012; Sonah et al., 2013) , and novel alignment and imputation algorithms (Spindel et al., 2013; Swarts et al., 2014 ) present a rich set of tools that are emerging to further adapt and customize GBS for allele discovery and genotyping in common bean. It is important to note here that because datasets are dynamic, the capability of GBS to discover, characterize, and facilitate selection of the genetic diversity of common beans will continue to be enhanced by each additional experiment where raw sequences, SNPs, and haplotypes can be retained and included in larger-scale analyses of the diversity of the species and performed with increasingly better sequencing and bioinformatics technologies.
The multiplexed library construction was technically simple and the entire process from DNA extraction to sequencing was rapid. Though there was considerable variation in the read number per sample, which was probably a result of the variation introduced by DNA quality differences, DNA quantification, and manual pipetting errors, we feel that we were able to handle this issue sufficiently. Overall, the amount of missing data was relatively low because of the high level of sequencing coverage achieved and the redundancy that we included in our library construction by including the DNA of seven individuals from each of the 12 BC 1 F 4:5 differential RILs. Processing of the raw and missing data was handled by user-friendly bioinformatics and imputation pipelines (Bradbury et al., 2007; Swarts et al., 2014) and the overall costs for this project were the most economical option available. For these reasons and others, it is likely that GBS will become routine in common bean genomics and breeding, as it already has in other crops.
Our initial approach to establishing the genotypephenotype relationship in the context of this germplasm was somewhat similar to a bulked segregant analysis for a major disease resistance allele, where a small number of individuals that are resistant and a small number of individuals that are susceptible are selected and the DNA is pooled according to the phenotype to identify the DNA polymorphisms that are shared by each individual in the pool and therefore correspond to the resistance region (Michelmore et al., 1991) . Instead, we took advantage of the barcoded multiplexed library construction of GBS and did not pool individual samples together. This assured that the genotype of each individual was observed and that the segregation of all genotyped SNPs could be confirmed to eliminate problems that may have arisen because of incorrectly phenotyped individuals. Our approach also differed significantly from bulked segregant analysis in how the genotype-phenotype relationships were established. By genotyping lines and individuals that shared parents and originated from the same series of crosses that would be typical of any selfpollinated crop improvement program, a population of closely related individuals was available for analysis. This population removed the effect of a cryptic population structure in the promotion of false positives, and allowed for a kinship matrix to be used to control for familial relatedness so that a case-control GWAS approach and a statistical model could be used to test the significance of genotype-phenotype associations.
This GWAS-based approach identified 44 highly significant SNPs in the snap bean germplasm that delimited a 947-kb region on the distal portion of chromosome 2. This physical position spans the region between Phvul.002 47991415 to Phvul.002 48965798. The incompletely dominant, heat-sensitive I allele that conditions a range of resistance and necrosis responses to BCMV and BCMNV (Collmer et al., 2000) and provides a broad spectrum of resistance to a number of other related potyviruses (Fisher and Kyle, 1994) has been mapped to this general region (Freyre et al., 1998; Vallejos et al., 2000) . Genbank (Benson et al., 2013) queries of the cloned DNA sequences associated with the I locus in the in-depth molecular characterization of this region (DQ002468-DQ002476) (Vallejos et al., 2006) and BLASTN analysis to the common bean genome with Phytozome (Goodstein et al., 2011) revealed that the physical region for the I allele is positioned within an 81.7-kb region from Pv02:48183168 to Pv02:48264877 and that this region is positioned within the larger 947-kb region identified for By-2 here.
The I locus has been demonstrated to harbor a complex cluster of Toll/interleukin-1 receptor-nucleotide binding site-leucine rich repeat (TIR-NBS-LRR)-type virus resistance features before the release of the reference genome but the reference confirmed that there are seven loci with several alternate transcripts in the region predicted to have similar homology. These TIR-NBS-LRR types of features have previously been confirmed as the molecular basis for the major dominant virus resistance allele N in Nicotiana spp. to Tobacco mosaic virus (TMV) (Whitham et al., 1994) and Y-1 in Solanum tuberosum L. to Potato virus Y (PVY) (Vidal et al., 2002) . Both of these TIR-NBS-LRR alleles condition temperature-sensitive hypersensitive necrosis in response to virus inoculation.
The By-2 allele exhibits similarities to the I allele in that it also appears to be temperature-sensitive and in that it conditions a spectrum of resistance and necrosis that includes more than one virus species. In addition, By-2, like I, responds to BCMNV strain NL 3D with identical symptoms of rapid top necrosis (data not presented) when unprotected by recessive resistance genes (Kelly et al., 1995) . The appearance and nature of the necrosis incited by BYMV and ClYVV-NY in By-2 genotypes, however, is phenotypically distinct from the range of necrosis responses elicited when the I allele is present in interactions with necrotic strains of BCMNV. The resistance spectrum of By-2 includes BYMV and ClYVV-NY, whereas I does not. One particularly striking difference between these two alleles is that systemic necrosis in the presence of By-2 appears to occur more frequently under lower temperatures, whereas in the presence of I, necrosis induced by necrotic strains of BCMNV occurs at high temperatures (Collmer et al., 2000) . Clearly, additional research is needed to investigate the effects of temperature, genetic background, and allele dosage on the spectrum and expression of potyvirus resistance conditioned by By-2.
Though there are numerous TIR-NBS-LRR candidate genes in the 974-kb region, it is possible that By-2 is a unique resistance allele at the I locus. Unfortunately, our analysis was limited by the genetic recombination that we sampled in the region of By-2 and we could not resolve a candidate gene with confidence. One important consideration is that recombination has been reported to be considerably suppressed around the I locus in previous research (Vallejos et al., 2006) . Additional recombination in the By-2/I region is needed and will be the subject of future effort through the development of very large fine-mapping populations, as well as the potential investigation of historical recombination from diversity panels. Nevertheless, the current GBS dataset provides an additional wealth of SNP discovery in the region for the development of single-marker assays for these populations, which are critical to confirming the alleles observed at these loci with GBS.
This research has provided an enhanced understating and accessibility of By-2-conditioned resistance to BYMV and ClYVV, two damaging potyviral pathogens of snap bean production in the Great Lakes Region of the United States and of common bean production in general. We used a GBS protocol and user-friendly bioinformatics tools and developed a novel strategy to identify and validate highly significant SNPs that were associated with the By-2 potyvirus resistance allele to a relatively narrow region on chromosome 2, where known virus resistance features are present. These results demonstrated the relative ease of adoption and the clear utility of GBS for genomics-assisted common bean improvement. They have also generated additional hypotheses in common bean-potyvirus interactions, developed important tools for future research and fine mapping, and enabled new opportunities for marker-assisted gene pyramiding. These advances should assist directly in the development of multiple-virus resistant snap bean cultivars for the Great Lakes Region of the United States and beyond.
